Background: T cells of intraepithelial phenotype have previously been detected in bronchoalveolar lavage (BAL) fluid in a range of lung diseases; these cells express the adhesion molecule α E β 7 integrin, CD103, the ligand for epithelial cell E-cadherin. In subjects with asthma CD4+ lymphocytes are the predominant T cell subtype found in bronchial biopsy specimens and in BAL fluid, whereas CD8+ lymphocytes have been shown to predominate in subjects with chronic obstructive pulmonary disease (COPD). The aim of this study was to analyse the expression of CD103, activation markers (CD25 and CD69), and chemokine receptors (CXCR3, CCR5 and CCR3) on CD4+ and CD8+ lymphocytes from sputum and peripheral blood of subjects with asthma, COPD, and healthy controls. Methods: T cell surface markers were assessed by immunofluorescence labelling and flow cytometry of gated lymphocytes among CD45+ leucocytes in sputum cell suspensions. Results: Sputum lymphocytes expressed higher levels of CD103 and CD69 than blood lymphocytes in all subject groups, with CD103 expressed at higher levels on CD8+ than on CD4+ cells. There were no detectable differences in numbers of CD4+ and CD8+ T cells between subjects with asthma, COPD and controls. The percentage of sputum lymphocytes expressing CXCR3 was lower in subjects with asthma or COPD than in healthy controls; CCR3 was not detectable on sputum or blood lymphocytes. Conclusions: Sputum T lymphocytes are predominantly of activated intraepithelial phenotype (CD103+ CD69+), and normal numbers of CD4+ and CD8+ T cell populations are found in the sputum of patients with asthma and COPD.
A sthma and chronic obstructive pulmonary disease (COPD) are both obstructive airway disorders, but differing types of inflammation are involved in the pathogenesis of these distinct lung diseases. Asthma is frequently an allergic process with a preponderance of CD4+ T helper type 2 (Th2) cells and eosinophils in the airways. 1 2 In contrast, following long term cigarette smoking and the development of COPD, there are excess numbers of CD8+ T cytotoxic cells, neutrophils, and macrophages in the airways, 3 4 as well as predominant Th1 activity in blood. 5 These differences in T cell populations have been largely documented in studies using mucosal biopsy specimens and bronchoalveolar lavage (BAL) fluid, while there are relatively few studies on T cells in sputum.
Following the inhalation of nebulised hypertonic saline, sputum can be expectorated by the majority of healthy "normal" subjects as well as patients with lung disease. 6 Sputum induction is a relatively non-invasive means of obtaining tissue derived cells and, following liquefaction with dithiothreitol (DTT), light microscopy of cytospin samples has been shown to be reliable and reproducible. Flow cytometry has been used in the determination of surface markers on eosinophils 7 and neutrophils. 8 Although sputum lymphocytes represent only up to 2% of the leucocytes in sputum, flow cytometry studies have shown that there is an excess of CD4+ T cells in asthma, [9] [10] [11] and an increase in B cells has also been described. 12 Increased percentages of peripheral blood lymphocytes expressing CD25 (interleukin-2 receptor (IL-2R) β-chain or CD25) are found in patients with acute severe asthma. 13 Furthermore, increased percentages of CD4+ cells expressing CD25 12 and intracellular adhesion molecule 1 (ICAM-1) 9 have been detected by flow cytometry of sputum samples from patients with asthma. It has recently been shown that CD25 is expressed more highly on peripheral blood than on BAL lymphocytes, whereas the opposite was found for CD69. 14 It has been suggested that CD25 is a marker of T cell proliferation rather than activation per se, while CD69 may be a better marker of activation.
15 CD69 can be induced on many different cells including T cells, macrophages, eosinophils, and neutrophils. 16 Th1 and Th2 cells are thought to differ in their expression of chemokine receptors. In studies on T cell lines there is evidence to suggest that Th2 type cells express CCR3, CCR4 and CCR8, while CXCR3 and CCR5 may be expressed preferentially by Th1 type cells. 17 18 As a consequence of this differential expression of chemokine receptors, possibly combined with variations in adhesion molecule expression, 19 20 Th1 and Th2 cells may be selectively recruited to the airways in COPD and asthma, respectively. Sputum T cells have generally migrated through the respiratory epithelium and have the potential to express adhesion molecules that reflect this prior interaction with epithelial cells. The intraepithelial lymphocyte (IEL) adhesion molecule CD103 (or α E β 7 integrin) binds to E-cadherin on epithelial cells. 21 Epithelial cells produce transforming growth factor β (TGF-β) that promotes expression of lymphocyte α E β 7 and the long term survival of IELs that may function as a pool of memory cells primed to respond rapidly to antigens, 22 although α E is not associated with mucosa specific homing of lymphocytes. 23 Significant upregulation of α E β 7 has been found predominantly on BAL CD8+ T cells in allergic asthma and other lung diseases, 24 as well as in healthy volunteers. 25 We have used immunofluorescence labelling and flow cytometry to assess T lymphocyte surface markers in sputum from patients with asthma and COPD. In particular, we aimed to identify CD4+ and CD8+ lymphocytes and assess the expression of surface markers of activation (CD25, CD69), chemokine receptors (CXCR3, CCR3, and CCR5), and adhesion molecules (CD103) to establish the phenotype of sputum T cells in terms of Th1 or Th2, cytotoxic and intraepithelial populations.
METHODS

Study populations
Six healthy non-smoking subjects with normal lung function and no history of atopy and eight non-smoking patients with mild allergic asthma treated with β 2 agonists were included in the study. The subjects with asthma had symptoms requiring a β 2 agonist no more frequently than every two days, and all of them had a histamine PC 20 <2.5 mg/ml (table 1). In addition, seven patients with a history of >20 pack years cigarette smoking, air flow limitation that was not fully reversible as defined by recent Global Obstructive Lung Disease (GOLD) criteria (post-bronchodilator forced expiratory volume in 1 second (FEV 1 ) <80% with a post-bronchodilator ratio of FEV 1 to forced vital capacity (FVC) of <70%) were recruited prospectively into the study. All seven patients with COPD had improvement in FEV 1 of <12% following inhalation of salbutamol on the date of sputum induction and blood sampling. None of the subjects in any of the groups had a viral infection in the two weeks before sputum induction. Patients were asked to withhold bronchodilator therapy for at least 8 hours before sputum induction.
All subjects gave written informed consent for participation and the study was approved by the ethics committee of the Royal Brompton and Harefield Hospital National Health Service Trust.
Sputum induction
Before sputum induction all patients inhaled salbutamol (200 µg) via a metered dose inhaler. Baseline FEV 1 was measured and this was repeated following salbutamol and after each 5 minute inhalation of nebulised hypertonic saline (3.5%). The procedure was stopped if the FEV 1 fell by >10% following saline or by >20% at any time during the induction procedure.
Sputum processing
Solid sputum material was separated from saliva before processing. 9 Briefly, selected sputum was weighed and 0.1% DTT (Sigma-Aldrich, Poole, UK) in phosphate buffered saline (PBS) was added at a ratio of 4 ml to 1 g sputum. The sputum was incubated with DTT at room temperature for 15 minutes on a rolling mixer. The same volume (4 ml to 1 g sputum) of PBS was added to the sputum and then filtered through 48 µm nylon gauze. The filtrate was centrifuged at 400g (Sorvall RT6000D, Kendro, Bishop's Stortford, UK) for 10 minutes at 4°C to pellet cells. The cells were resuspended in PBS containing 0.1% bovine serum albumin (BSA). The viability of the sample was determined by trypan blue exclusion staining (Sigma-Aldrich) in a Neubauer haemocytometer (Merck Eurolabs, Lutterworth, UK). Cytospins of sputum cells that were used for determination of differential cell counts were fixed with methanol and stained with May-Grunwald-Giemsa stain (Merck-Eurolabs).
Flow cytometry of sputum cells
Sputum cells were washed in Dulbecco's PBS containing 0.1% sodium azide (Sigma-Aldrich) and 0.4% BSA (Sigma-Aldrich) (PAB) and centrifuged at 400g. The cells were resuspended in PAB at 2 × 10 6 cells/ml. For each test, sputum cell suspension (90 µl) was incubated with antibody (5 µl) for 45 minutes at 4°C in the dark. Cells were then washed with PAB, resuspended in CellFix (Becton Dickinson, Cowley, UK) and subsequently analysed using a FACSCalibur flow cytometer (Becton Dickinson). Up to 70 000 total events were collected per sample. The lymphocyte population was then delineated on their physical characteristics in a region according to their characteristic forward scatter (FSC) and side scatter (SSC) profile.
All sputum cell samples were stained with a PE-Cy5 conjugated anti-human CD45 monoclonal antibody (Dako, Ely, UK) to exclude, by logical gating, all non-leucocyte events in each test. To obtain a CD4+:CD8+ ratio, cells were stained with fluorescein isothiocyanate (FITC) conjugated anti-human CD4 and phycoerythrin (PE) conjugated anti-human CD8 in the same test tube. To assess surface marker expression samples were incubated with either FITC conjugated anti-human CD69, FITC conjugated anti-human CD103 (Dako), FITC conjugated anti-human CXCR3, FITC conjugated anti-human CCR3 (R&D Systems, Abingdon, UK), or PE conjugated antihuman CCR5 (Pharmingen, San Diego, USA) in combination with either FITC or PE conjugated anti-human CD4 or anti-human CD8. PE or FITC conjugated matched isotype antibodies served as controls. The number of positive cells for each surface marker was expressed as a percentage of the CD4+ or CD8+ positive cells.
Flow cytometry of whole blood
Fresh whole blood (90 µl in EDTA) was incubated with 5 µl of each antibody for 45 minutes at 4°C in the dark. The sputum antibody staining strategy was also used for blood cells, with the exception that the anti-human CD45 monoclonal antibody was not used. Erythrocytes were lysed using 2 ml FACSlyse (Becton Dickinson) for 20 minutes and washed in PAB. Lymphocyte events were gated on the characteristic FSC and SCC only. For each test, 100 000 total events were collected.
Data analysis
Flow cytometry data were acquired and analysed using CellQuest Software (Becton Dickinson). The significance of the difference between blood and sputum was tested using a Wilcoxon signed rank test, and the differences between the groups were compared using a Wilcoxon rank sum test. A value of p<0.05 was considered significant.
RESULTS
There were significant differences in the percentages of sputum neutrophils (p=0.045), macrophages (p=0.032), and eosinophils (p=0.044) as assessed by light microscopy between patients with COPD and healthy non-atopic controls (table 2) . The percentages of neutrophils and eosinophils were both increased and the percentages of macrophages were decreased in subjects with COPD compared with healthy controls. There were no significant differences in the percentages of any of the sputum cell types between subjects with asthma and healthy controls. The subjects with COPD were moderate to severe, while the patients with asthma were very mild. The mild severity of the asthmatic subjects may account for the lack of difference in the sputum cell differentials between the healthy controls and the asthma group. In all subjects the cell viability exceeded 80%. Successful sputum induction was achieved in all patients. Representative flow analysis plots and histograms of CD4:CD8 staining of sputum lymphocytes, CXCR3 staining of CD4+ blood cells, and CD69 and CD103 staining in CD8+ sputum cells are shown in fig 1. There were no significant differences in the CD4+:CD8+ ratio in sputum between the three subject groups, nor were there any differences in the percentages of blood or sputum CD4+ or CD8+ lymphocytes between the groups (table 2). In normal control subjects and patients with asthma there was a significantly higher CD4+:CD8+ ratio in sputum than in blood (healthy controls p=0.007; asthma patients p=0.005).
There was no such increase in the CD4:CD8 ratio in sputum compared with blood in patients with COPD.
In the study to assess the effects of DTT on cell markers, no differences were seen in staining of any of the cell surface markers (CXCR3, CCR5, CCR3, CD69 or CD103) on either CD4+ or CD8+ cells between samples pretreated with DTT and those treated with buffer alone (table 3) . In sputum the percentage of CD8+ lymphocytes from subjects with COPD expressing CD69 (60.3% (95% CI 38.8 to 82.4) was significantly lower than from healthy subjects (84.4% (95% CI 69.6 to 93.8), p=0.029) and subjects with asthma (85.6% (95% CI 75.0 to 92.2), p=0.010). CD8+ lymphocytes in the asthma and healthy control groups had higher percentages of CD69 expression than CD4+ cells. In the COPD group the percentages of sputum CD4+ and CD8+ lymphocytes expressing CD69 were similar. In all groups there were higher percentages of both sputum CD4+ and CD8+ cells expressing CD69 than peripheral blood lymphocytes (CD4+: healthy control group, p=0.008; asthma, p<0.001; COPD, p=0.002; CD8+: healthy control group, p<0.001; asthma, p<0.001; COPD, p=0.001; fig 2A) .
The expression of CD25 was only assessed in subjects with COPD. The percentages of both CD4+ and CD8+ lymphocytes expressing CD25 were lower than CD69 in the sputum samples (fig 3) . The percentage expression of CD25 was significantly greater for CD4+ sputum lymphocytes than for CD4+ lymphocytes in peripheral blood (p<0.04). There was no difference in the expression of CD25 on CD8+ cells from blood and sputum. In sputum the percentage of cells expressing IEL marker α E β 7 , CD103, was higher for CD8+ cells than for CD4+ cells in all groups. The percentages of CD8+ sputum lymphocytes that expressed CD103 was significantly lower in subjects with COPD than in the normal control group (p=0.028). In all subject groups there was a higher percentage of CD8+ lymphocytes expressing CD103 in sputum than in blood (healthy control group, p=0.003; asthma, p<0.001; COPD, p=0.009). The same increase in the percentage of CD4+ lymphocytes that expressed CD103 in sputum compared with blood was observed for the healthy control group (p=0.016) and the COPD group (p=0.015; fig 2B) .
The percentage expression of both CD4+ and CD8+ lymphocytes expressing CXCR3 was reduced in the sputum of subjects with COPD (CD4+ cells: 7.0% (95% CI 5.7 to 13.3), CD8+ cells: 10.9% (95% CI 0.7 to 35.5) compared with the healthy control group (CD4+ cells: 40.8% (95% CI 31.9 to 59.6), p=0.009; CD8+ cells: 39.3% (95% CI 21.7 to 57.3), p=0.018). In addition, the percentage of CD4+ lymphocytes expressing CXCR3 in sputum from subjects with asthma was significantly lower than in normal subjects (asthma 20.4% (95% CI 4.6 to 23.8); normal 40.8% (95% CI 31.9 to 59.6), p=0.028). The percentage of both CD4+ and CD8+ lymphocytes expressing CXCR3 was lower in sputum than in blood from patients with asthma (CD4; p=0.003; CD8 p=0.002); this was also found for CD8+ lymphocytes in subjects with COPD (p=0.005; fig 2C) . However, there was no significant difference between the percentages of either CD4+ or CD8+ lymphocytes in sputum and peripheral blood expressing CXCR3 in the healthy control group.
In all groups CD4+ and CD8+ cells expressed CCR5 in both blood and sputum, but there were no significant differences between the groups (data not shown). The expression of the Th2 chemokine receptor CCR3 was negligible and was not increased on CD4+ or CD8+ T lymphocytes in the sputum or blood from asthmatic subjects compared with the normal group (data not shown).
DISCUSSION
This study shows that in subjects with asthma, COPD and in healthy controls, sputum T cells have the phenotype of intraepithelial lymphocytes (IELs) in expressing α E β 7 integrin (CD103). These sputum IEL-type cells may be long lived memory T cells and may be distinct from the CD4+ and CD8+ T cells seen in bronchial mucosal biopsy specimens from patients with asthma and COPD. Indeed, in terms of α E β 7 , sputum T cells resemble intraepithelial and BAL T cells, but may be a differing population from subepithelial tissue T cells. These cells may function as long term memory cells in allergic responses, 26 27 as well as in immune responses to mycobacteria. 28 It has been shown that BAL CD8+ lymphocytes and, to a lesser extent, CD4+ lymphocytes, but not blood lymphocytes, have significant expression of α E β 7 . 25 The increased CD103 expression on sputum CD8+ cells compared with CD4+ cells is in accordance with other reports. 29 30 T cells in sputum from patients with COPD, but not those with asthma, showed reduced levels of CD69, CXCR3, and CD103 expression on CD8+ cells compared with normal sputum. The downregulation of these receptors may relate to a loss of them during activation, chemotaxis, and homing of T cells. Inflammation may contribute to this shedding since tumour necrosis factor α (TNF-α) has been shown to cause a downregulation of CXCR2 in human neutrophils. 31 Furthermore, the subjects with COPD used in this study were moderate to severe, while the patients with asthma were very mild requiring inhaled β 2 agonist only once per week on average. These differences in severity may account for the discrepancy in the two patient groups. The differences observed between the surface marker expression of the T lymphocytes from subjects with COPD and those from healthy controls and subjects with asthma may be attributed to the inflammation associated with COPD. However, the effect on these results of the increased age of the COPD subjects compared with the healthy control subjects and those with asthma cannot be excluded. It has been reported that there are increased percentages of CD8+ cells in bronchial tissue of patients with COPD 32 33 as well as Th1 activity in blood. 5 However, although we investigated COPD patients with a similar disease severity, we did not observe an increased percentage of CD8+ lymphocytes or a decrease in the CD4+:CD8+ ratio in the sputum of these subjects. Induced sputum cells predominantly come from the upper and middle airways, 11 while lavage represents cells from the bronchoalveolar compartment. Furthermore, CD8+ cells in the lung parenchyma may be localised by adhesion molecules and chemokines, and may not be discharged to the sputum compartment.
We have shown that the percentage of CD8+ cells expressing CD69 was higher than that of the CD4+ cells in the healthy controls and in those with asthma in both peripheral blood and sputum. One possible explanation for this is that CD8+ cells may be preferentially activated. Indeed, there is some recent evidence to suggest that CD8+ cells are functionally active in cultured whole blood from patients with asthma, with increased production of interferon γ. 34 We found negligible expression of the purported Th2 chemokine receptor CCR3 on sputum lymphocytes from any of the subjects tested. It has also recently been shown by immunohistochemistry that T lymphocytes in the bronchial mucosa of allergic asthmatic subjects did not express CCR3. 35 In support of these findings, recent evidence now questions the relationship between chemokine receptor expression and phenotype of T cells. The expression of chemokine receptors has been analysed previously using cell lines and clones which have been polarised by mitogens and cytokines. IL-2, for example, has been shown to cause the preferential expression of CXCR3 and CCR5. 36 It is therefore possible that the conditions in which cells are cultured can influence their cell surface molecule expression and phenotype. Isolated peripheral blood mononuclear cells from patients with atopic dermatitis have been shown to express CCR4 more highly and CXCR3 to a reduced level than normal subjects, but no differences were found in CCR3 or CCR5 expression. 37 In contrast, a recent report has Blood CD69 Sputum CD25 Sputum CD69 Blood CD25 Blood CD69 Sputum CD25 Sputum CD69
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shown that, in memory T cells (CD4+, CD45RO+), there were no significant differences between the expression of chemokine receptors CXCR3, CXCR4, CCR3 and CCR5 in cells expressing Th1 versus Th2 cytokines.
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CCR3 and other Th2 type chemokine receptors may be transiently expressed on T cells. For instance, CCR3 expression can be downregulated within 6 hours of stimulation of the T cell receptor (TCR). 39 In addition, inflammatory cytokines such as TGF-β can inhibit CCR3 expression in Th2 polarised cells.
17 CCR3 may therefore not be a good marker of T cell polarisation in vivo. Furthermore, chemokine receptor expression is a dynamic feature of Th1 and Th2 cells in vivo and therefore may not be adequate surrogate markers of these cell types. 33 However, the subjects in the asthmatic group did not have significantly increased numbers of sputum eosinophils compared with the healthy control group. This is probably because the patients had mild intermittent asthma; more severe disease would have more eosinophils. 40 The possibility that the procedure of sputum processing may have caused a reduction in the amount of chemokine receptor expression was assessed by adding the same concentration of DTT as used in the sputum processing protocol to whole blood from four non-atopic subjects. There is evidence to suggest that anti-oxidants downregulate both CCR2 and CCR5 on human monocytes, 41 and the possibility exists that the use of DTT may lead to the downregulation of the cell surface receptors examined in our study. We found no evidence of differential receptor expression in whole blood treated with and without DTT, suggesting that the low levels of expression of some of the chemokine receptors in sputum could not be attributed to the effects of DTT. Other studies have also shown that DTT has no effect on the expression of certain surface markers on sputum cells. 42 We have shown that it is possible to analyse mixed cell populations in sputum samples for lymphocyte cell surface markers, including an activation marker, an intraepithelial adhesion molecule, and three chemokine receptors. In this preliminary study we have not been able to demonstrate convincing imbalances in CD4, CD8, Th1, or Th2 populations in asthma or COPD. However, chemokine receptor expression may vary rapidly on activation, and may not be specific in terms of CD4+/CD8+ or Th1/Th2 populations. In contrast, CD69 and CD103 were found to be useful as markers of activated sputum intraepithelial lymphocytes. Further studies are required on the function of IELs and T cell subpopulations in different compartments of the lung in health and disease.
